Background. Acinetobacter baumannii is challenging the healthcare community as the cause of a wide range of untreatable infections. New targets need to be explored for the development of therapeutics.
Acinetobacter baumannii has emerged as one of the most alarming pathogens for healthcare institutions worldwide [1] . Its clinical significance has escalated because it shows a formidable capacity to develop antimicrobial resistance [2] . It is considered the paradigmatic multidrug-resistant or pandrugresistant bacterial threat of the current antibiotic era in both developing and developed countries [3] [4] [5] . A. baumannii is capable of causing a wide range of infections, including bacteremia and infections of the skin, soft tissue, and bone. However, hospital-acquired pneumonia remains the most common infection caused by this organism [6] .
One approach to combating the escalating threat of A. baumannii is to use basic research to identify microbial systems that can be used as therapeutic targets for the development of novel antimicrobial agents. For bacteria to respond appropriately to different environmental changes, they have evolved 2-component systems (TCSs) [7] . A typical TCS is composed of a sensor kinase, also known as a histidine kinase, which is capable of autophosphorylation in response to an environmental signal, and a response regulator, which interacts with the phosphorylated histidine kinase [8] . The response regulators bind to the upstream regulatory region of other genes and subsequently control their expression [8] . Discovery of TCS inhibitors may be developed into new antibiotics or antivirulence agents against multidrug-resistant pathogens, such as A. baumannii.
A. baumannii has several putative TCSs, and so far, few have been thoroughly studied. They are involved in biofilm formation, cellular morphology, and antibiotics resistance [9, 10] . In this work, we are studying one of the other putative TCSs of A. baumannii, the KdpD-KdpE system. Similar systems in other bacterial species are involved in the control of an inducible high-affinity potassium (K + ) transporter that is synthesized under conditions of severe K + limitation or osmotic up shift [1] . K + is required for various physiological processes, including turgor homeostasis and pH regulation, which makes controlling its levels inside the cell a critical process [1] . This was further demonstrated in some cases, in which the Kdp system was shown to play a significant role in the pathogenesis of the bacterium [11] . The work in the current study characterizes, for the first time, the KdpD/E of the emerging pathogen A. baumannii and highlights its critical role in the pneumonia pathogenesis.
MATERIALS AND METHODS

Ethics Statement
All animal procedures were approved by the Research Ethics Committee of the Faculty of Pharmacy, Cairo University.
Bacterial Strains and Growth Conditions
A. baumannii ATCC 19606 was used in all experiments as the wild-type strain and the background for the construction of isogenic mutants. A. baumannii was routinely grown at 37°C in LB broth with shaking at 180 rpm, or on LB agar. When needed, medium was supplemented with kanamycin (40 µg/mL) or ampicillin (500 µg/mL). A. baumannii was also grown in K 0 and K 115 minimal salt medium (MSM), which was prepared as described by Epstein and Kim [12] . Escherichia coli strain TOP10 was grown as described above, and when appropriate, medium was supplemented with kanamycin (30 µg/mL) or ampicillin (100 µg/mL).
Bioinformatics Analyses
The amino acid sequences of both KdpD and KdpE of A. baumannii ATCC 19606 were retrieved from the National Center for Biotechnology Information protein database and used in a Blast search against the nonredundant protein database [13] . Sequences of both proteins from various microorganisms were aligned against those of A. baumannii, using the alignment tool of CLC Main Workbench 7 (Qiagen, Valencia, California). The percentages of identity and similarity between A. baumannii KdpE and those of other microorganisms were calculated using EMBOSS 6.3.1 [14] . To determine the evolutionary distance between the KdpE of A. baumannii and other KdpEs, a phylogenetic tree was constructed via the CLC Main Workbench software.
Construction of Mutant, Control, and Complemented Strains
The ΔkdpE mutant and the control strain (ΔkdpE/C) were constructed using the single crossover recombination technique as described previously [15] , and the ΔkdpE strain was complemented by introducing kdpE in trans. Details of the construction of the 3 strains are provided in the Supplementary Materials.
Transcriptional Analyses of the kdp Locus
Bacterial cells were grown to mid-logarithmic phase and harvested by centrifugation, and then RNA was extracted using the RNeasy Mini Kit (Qiagen). The extracted RNA was treated with DNase I, RNase-free enzyme (New England Biolabs, Ipswich, Massachusetts). RNA was subjected to reverse transcription using Moloney murine leukemia virus reverse transcriptase (Promega, Fitchburg, Wisconsin) and the proper reverse primer (Supplementary Table S1 ). Negative controls were processed as described above, with the omission of reverse transcriptase. Both the complementary DNA and the genomic DNA ( positive control) were used as PCR templates. Four sets of primers (Supplementary Table S1 ) were used to investigate the transcriptional linkage between the 5 genes of the kdp locus.
Real-Time Reverse-Transcription PCR (RT-PCR) Analyses for kdpE and trkH
Real-time RT-PCR was performed on the wild-type strain RNA, using the QuantiTect SYBR Green Master Mix (Qiagen). For analysis, the 16S ribosomal RNA was used as a normalizer, using the ΔΔ Ct method. Data are presented as fold changes, with the normalized transcript levels at K 115 as a calibrator.
Mouse Pneumonia Model of Infection
A murine pneumonia infection model was created as previously described [15] . Briefly, 4 groups of 6-8-week-old black C57BL/6 male mice (Theodor Bilharz Research Institute, Giza, Egypt) were infected intranasally with a bacterial dose of 1.4 × 10 8 -2 × 10 8 colony-forming units (CFU). Thirty-six hours after infection, mice were euthanized. The lungs were excised, homogenized in 1 mL of sterile saline, serially diluted in LB broth, and then plated for colonies counts. For histopathological examination, lung tissue was fixed for 48 hours in 10% formaldehyde, processed by a paraffin-embedding technique, and then sectioned (slice thickness, 5 µm) and stained with hematoxylin and eosin [16] .
Attachment Assay
Attachment to human alveolar epithelial cells (A549) was assayed as described before with slight modification [17] . Briefly, confluent monolayers of cells were infected with approximately 2 × 10 6 bacterial cells and incubated at 37°C for 1 hour. Cells were washed 5 times with phosphate-buffered saline (PBS). Next, they were treated with trypsin and resuspended in 1 mL of PBS, subjected to serial dilution, and plated on LB agar for colony counting. Percentage attachment was calculated by dividing the total number of CFU recovered by the total initial inoculum.
Growth Curves Analysis
Strains were grown overnight on LB plates, and then cells were harvested, washed, and resuspended in K 0 MSM. The OD 600 of each suspension was adjusted to an OD 600 of 1 and then diluted 1:50 in both K 0 and K 115 MSM, and the cultures were incubated with shaking at 37°C and 200 rpm. Aliquots from each culture were collected, and their OD 600 was measured at different time points. Growth curves were constructed by plotting OD 600 versus time.
Proteomics Analyses
Fifty-milliliter overnight cultures (18-20 hours) in K 0 MSM were normalized to the same OD 600 . Equal volumes of each were then centrifuged at 4800 × g for 20 minutes, and the supernatants were filtered through 0.22-µm cellulose acetate membrane filters. Then they were concentrated using 9K MWCO Protein Concentrators (Thermo Scientific, Waltham, Massachusetts) to a final volume of 400 µL. Fractions were analyzed by 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), stained with Coomassie blue, and inspected visually. For whole-cells proteomics analysis, the pellets were boiled in Laemmli buffer, loaded on 10% polyacrylamide gels, and stained with Coomassie blue, and gel lanes were then excised. Gel pieces were subjected to trypsin digestion [18] . Identification of proteins was performed in the Taplin Mass Spectrometry Facility, Harvard Medical School, as described elsewhere [19] . Proteins were filtered to collect those with a minimum of 4 peptides and a minimum 2-fold difference from the WT. The fasta sequences of the remaining 135 proteins were analyzed for subcellular localization prediction, using the PSORTb server [20] and the SEED's Feature identifier [21] for functional categorization.
Statistical Analyses
Statistical analyses were performed using the GraphPad Prism software (version 5.01) (GraphPad Software, La Jolla, California). Tests used included the Student t test and 1-way analysis of variance, as identified in the figure legends. The differences were considered significant when the calculated P value was ≤.05.
RESULTS
Bioinformatics Analyses of the KdpD/E System
The kdp locus of A. baumannii consists of 5 genes, whereas the kdp locus for E. coli and Mycobacterium tuberculosis has an extra subunit F gene ( Figure 1 ). In addition, the transcriptional direction of the A. baumannii kdpD and kdpE genes is similar to that seen in E. coli and Listeria monocytogenes, with transcription occurring in the same direction as for the genes encoding the other subunits. However, this is distinct from what is seen in Staphylococcus aureus and M. tuberculosis ( Figure 1 ).
The KdpE sequences of different strains of A. baumannii were distinct from sequences of previously studied bacterial KdpEs, but the sequence is highly conserved in different strains of A. baumannii (Supplementary Figure S1) . The percentage similarity ranged from 57.5% to 99.2% in the investigated sequences.
A. baumannii kdp Locus Members Are Transcriptionally Linked
RT-PCR analysis using primers sets spanning intergenic regions among the genes encoding the 5 subunits of the Kdp system (Figure 2A ) showed that they are transcriptionally linked. This was indicated by obtaining the same PCR product size either from complementary DNA (with RNA subjected to RT) or genomic DNA ( Figure 2B ).
The ΔkdpE Mutant Is Deficient in Growth in K + -Limited Conditions
The ΔkdpE mutant was constructed by separating the kdpE open reading frame (ORF) away from the operon and its promoter ( Figure 2C ). RT-PCR reactions showed that although the intact kdpE ORF DNA was present in both the wild-type and ΔkdpE strains, no kdpE transcript was detected in the ΔkdpE strain ( Figure 2D ). The growth patterns of the wild-type and ΔkdpE strains together with those of the trans-complemented mutant (ΔkdpE/ pWH-kdpE) and the control strain (ΔkdpE/C) in K + -rich medium (K 115 ) were compared ( Figure 3A) . Overall, the 4 strains differed significantly, as indicated by analysis of variance (P < .0001). However, comparison of the 4 strains in pairs revealed that only the ΔkdpE/pWH-kdpE strain differed significantly from each of the other 3 strains. On the other hand, in K + -limited medium (K 0 ), only the ΔkdpE strain significantly lagged behind the other 3 strains ( Figure 3B ). Twenty-four hours after inoculation, the same trends were observed ( Figure 3C ).
A. baumannii kdpE Is Highly Overexpressed in K + -Limited Conditions
Upon growing in K 0 medium, the expression of kdpE was induced by >70-fold (mean fold increase [±SD], 76 ± 19.4) as compared to growth in K 115 medium ( Figure 4A ). On the other hand, trkH, which encodes a component of another K + transporter, showed no significant difference ( Figure 4B ).
KdpE Is Required for Full Virulence of A. baumannii in the Murine Pneumonia Model of Infection
Testing the 4 strains for their ability to colonize mice lungs showed that the ΔkdpE mutant is the least efficient colonizer, because it was readily cleared ( Figure 5A ). Both the control strain and the complemented mutant had nonsignificantly different colonizing efficiencies from the wild-type strain. Histopathological analysis of the infected lungs ( Figure 5B ) showed that wild-type-infected lungs demonstrated severe pneumonia associated with congestion, edema, and massive infiltration of polymorphonuclear leukocytes in the alveoli and interstitial tissue. However, in the ΔkdpE mutant-infected group, the lungs had less severe pneumonia, in which the inflammatory cell infiltration was mainly confined to the interstitial tissue. The ΔkdpE/C-infected lungs revealed the presence of multifocal areas of severe suppurative bronchopneumonia in which massive inflammatory cell infiltration was accompanied with areas of liquefactive necrosis. Finally, lungs of mice infected with the ΔkdpE/pWH-kdpE strain showed massive infiltration by inflammatory cells, especially neutrophils, in the interstitial tissue and bronchiolar and alveolar lumen.
To see whether attachment to alveolar cells can explain this phenotype, the 4 strains were tested in an attachment assay, using A549 cells. Indeed, there was about a 30% decrease in the frequency of attachment of the ΔkdpE strain as compared to the wild-type strain, but this difference was not statistically significant. On the other hand, only attachment findings for the ΔkdpE/pWH-kdpE strain differed significantly from those of the other 3 tested strains (Supplementary Figure S2 ). To check whether the decrease in virulence seen in the ΔkdpE strain is associated with a major change in the protein profile of this strain, secreted proteins profiles of cells grown in K 0 medium were compared using SDS-PAGE (Supplementary Figure S3A) . For all of the protein bands seen in the lane for the wild-type strain, there was a comparable level of the same protein in the ΔkdpE lane. On the other hand, in the ΔkdpE/ pWH-kdpE lane, there was an overall greater abundance of all the secreted proteins, which can be a reflection of the overall better growth of this strain in K 0 medium ( Figure 3C ). However, upon examining the whole-cell protein profiles of the 3 strains by using SDS-PAGE, they looked more complex (Supplementary Figure S3B ), so mass spectrometry was deployed to analyze those proteins. This analysis showed several proteins that were absent or obviously less abundant in the mutant. A detailed list of the identified proteins is presented in Supplementary  Table S2 . The list included 135 proteins located in multiple locations within the cell, with 94 in the cytoplasm, 21 in the cytoplasmic membrane, 7 in the outer membrane, and 3 in the periplasm; locations for 10 proteins were undetermined. Categorization of these proteins classified them into 20 functional categories ( Figure 6 ).
DISCUSSION
A. baumannii has a formidable ability to acquire antibiotic resistance, shifting from being susceptible to almost all known antibiotics to being the paradigm of pandrug resistance [22] . This left healthcare professionals with only colistin as a last treatment option. However, isolates resistant to it are increasingly reported [23] . This highlights the urgent need to find new drug targets, and 2-component systems are appealing in this context because of their central roles in sensing environmental changes and regulating major physiological and virulence mechanisms [24] .
The TCSs have 2 major subunits, a sensor kinase and a response regulator. Previous attempts to target sensor kinases suffered from poor selectivity [7] . Therefore, there was a shift to explore molecules that inhibit sensory domains of the sensors and to target the response regulators. Accordingly, this work focused on the response regulator KdpE. , and ΔkdpE/pWH-kdpE (closed circles) strains. Thirty-six hours after infection, lungs were harvested, homogenized, serially diluted, and plated. Each mouse is represented by a data point in the figure, and the horizontal bar represents the mean log 10 number of colony-forming units (CFU). The 4 groups differed significantly from each other, as determined by 1-way analysis of variance, with the P value indicated above the graph. *P < .05 and ***P < .001, by the Newman-Keuls multiple comparisons test. B, Images of hematoxylin and eosin-stained lung sections (100× original magnification) from mice infected with wild-type (upper left), ΔkdpE (upper right), ΔkdpE/C (lower left), and ΔkdpE/pWH-kdpE (lower right) strains.
In silico analyses indicated that KdpE is very well conserved in A. baumannii, which allows further consideration of KdpE as therapeutic target. An isogenic mutant was therefore constructed in kdpE. It was then complemented in trans, and a control strain that expresses KdpE but has the pDrive vector inserted in the same position as the mutant was constructed. The latter strain served as an adequate control for the genetic mutagenesis process, to guard against polar effects.
The ΔkdpE mutant and the control strain (ΔkdpE/C) grew as well as the wild-type strain in K 115 , but the ΔkdpE/pWH-kdpE strain grew significantly better than all 3 strains. This growth advantage can be due to the overexpression of KdpE, which is predicted to control the expression of the whole Kdp system. On the other hand, when these 4 strains were grown under K + -limited concentrations (K 0 ), all strains except the ΔkdpE mutant grew with better rates than in K 115. This can be explained from the point of view that 2 systems are functioning in K 0 , the low-affinity Trk and high-affinity Kdp systems, while in case of normal K + concentrations, only the Trk system is the main player. However, in the case of the ΔkdpE mutant, the lack of KdpE deprives the bacteria from this advantage of growing faster in K + -limited conditions. K + is considered the most abundant intracellular ion and plays a pivotal role in an array of processes to maintain normal homeostasis [25] . Real time RT-PCR showed that there is a >70-fold increase in the transcription of the kdpE in K + -limited conditions. This indicates the effectiveness of the K + -limitation signal on the regulation of KdpE in this background. In addition, similar observations have been seen with other pathogens [26] [27] [28] [29] [30] .
Regulation of K + is critical at the host-pathogen interface to both sides because the host needs it to regulate pathogen killing through phagocytosis. On the other side, for the pathogen this regulation represents a key element in establishing infections [31, 32] . Therefore, the competition to sequester K + is critical to determine the outcome of the battle between the host and its pathogenic invaders [33] . The adaptive role of the Kdp system in Salmonella serovar Typhimurium, Yersinia pestis, Photorhabdus asymbiotica, and mycobacteria has been investigated [26, 28, 30, 33] . Unlike other bacterial systems, in S. aureus, KdpD/KdpE has a minor role in K + transport. The main function of KdpDE is to regulate transcription of a series of virulence factors through sensing external K + concentrations, indicating that the infectious status can be modulated according to K + concentrations in different environments. However, in enterohemorrhagic E. coli, KdpE contributes to the virulence by interacting with another transcription factor (Cra) that enhances its ability to control the production and formation of the attaching and effacing lesions [34] . On the contrary, M. tuberculosis exhibited a hypervirulent phenotype upon mutating kdpE [33] . The pneumonia animal model was adopted in this work because hospital-acquired pneumonia is one of the most important A. baumannii complications [4] . KdpE, which has a significant role in the survival of A. baumannii under K + -limited conditions, is expected to play a major role in its pathogenesis, particularly because the bacterial cells will encounter a stressful K + -limited condition once they enters its host, since 98% of the body's K + is found intracellular [35] . kdpE turned out to be essential for full virulence of A. baumannii in the murine pneumonia model. On preliminary analysis of the A. baumannii secretome under K + -limited conditions, there were no obvious changes in the secreted proteins. Proteomic analyses of the ΔkdpE cells showed potential candidates through which A. baumannii KdpE could be involved in virulence. The proteins that were less abundant in the ΔkdpE mutant could be divided into 5 major groups: (1) those involved in the Kdp system; (2) those involved in the heme, siroheme, and vitamin B12 pathway; (3) those involved in capsule and cell wall synthesis; (4) those involved in amino acid biosynthesis; and (5) those with regulatory roles. In the first group, all Kdp system members were absent in the ΔkdpE proteome, confirming the regulatory role of KdpE in the system.
In the second group, HemB, which is essential for hemin biosynthesis and, consequently, cytochrome electron carriers, was missing in the ΔkdpE mutant. Another protein involved in this pathway, HemL, had lower levels, too. In S. aureus, a hemB mutant showed diminished expression of virulence regulators, such as agr, and ark, in addition to σ B [36] . The latter mediates various stress responses and plays a role in antibiotic resistance and biofilm formation. Lack of σ B expression in S. aureus led to attenuated infection in a septic arthritis model [36] . With regard to the third group, Wza, a protein that forms a complex in the outer membrane that is essential for the export of capsular polysaccharide, showed low abundance in the ΔkdpE strain. Several studies have shown the importance of the capsule for the survival of Acinetobacter during infection and that it is essential for resisting serum killing by complement [37, 38] .
Three proteins involved in the peptidoglycan synthesis pathway were diminished in the ΔkdpE mutant, namely, MurC, MurD, and MurG. Interestingly, BAS00127538 could potently act against A. baumannii, synergistically with colistin, working as an inhibitor of lipid II, which is an intermediate of the peptidoglycan synthesis pathway [39] . Both MurA and MurC were overexpressed upon incubating A. baumannii in bronchoalveolar lavage fluid from infected rats [40] . Moreover, MurA is required for the full virulence of L. monocytogenes [41] .
In the fourth group, many proteins implicated in arginine biosynthesis were less abundant in ΔkdpE. Those include the arg operon, ArgH, ArgF, and CarA; the pyr operon, including PyrB and PyrC; and, finally, AstC. Disruption of carA in Pseudomonas syringae resulted in reduced fitness and motility [42] . ArgA was shown to be essential for the synthesis of the syringomycin toxin of P. syringae [43] . In addition, the S. aureus argH mutant was attenuated in a mouse kidney abscess model [44] .
Histidine biosynthesis proteins, HisC, HisS, and HisZ, were also less abundant in the ΔkdpE mutant. A hisB mutant of Aspergillus fumigatus showed decreased resistance to starvation and attenuated pathogenicity in 4 models of infection, including pneumonia [45] .
With respect to the fifth group, a PhoH-like protein, annotated as YbeZ, was absent from ΔkdpE. PhoH-like proteins are inducible in the event of phosphate starvation, and prolonged incubation of E. coli at phosphate-limiting conditions triggered specific mutations that were globally beneficial to growth on glucose and organophosphates but detrimental to long-term viability [46] . One of those mutations was in kdpD, leading to constitutive expression of the kdpFABC operon. Thus, phosphate limitation leads to a biochemical response similar to that for K + limitation. Moreover, similar mutations occurred in trkH, indicating that K + accumulation is an important survival strategy. Finally, NtrC, which is a global transcriptional regulator, was less abundant in the ΔkdpE strain. NtrC activates the alternative σ 54 RNA polymerase, integrates the nitrogen and carbon status in vivo, and is involved in the regulation of key bacterial virulence factors [47] . How exactly A. baumannii KdpE modulates lung pathogenesis still needs to be determined. Having seen how genetic inactivation of kdpE has attenuated the ability to cause pneumonia, our work models KdpE as a novel attractive therapeutic target. KdpE inhibitors, either synthetic or natural, can be considered promising antimicrobials that are urgently needed for the fight against deadly infections due to A. baumannii.
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